The prevalence of obesity is increasing rapidly worldwide, which is cause for concern because obesity increases the risk of cardiovascular disease and diabetes, reduces life expectancy and impairs quality of life. A better understanding of the risk factors for obesity is therefore a critical global health concern and human biologists can play an important role in identifying these risk factors in various populations. The objective of this review is to present the evidence that inadequate sleep may be a novel risk factor associated with increased vulnerability to obesity and associated cardiometabolic disease. Experimental studies have found that short-term sleep restriction is associated with impaired glucose metabolism, dysregulation of appetite and increased blood pressure. Observational studies have observed cross-sectional associations between short sleep duration (generally <6 hours per night) and increased body mass index or obesity, prevalent diabetes and prevalent hypertension. Some studies also reported an association between selfreported long sleep duration (generally >8 hours per night) and cardiometabolic disease. A few prospective studies have found a significant increased risk of weight gain, incident diabetes and incident hypertension associated with inadequate sleep. Given the potential link between inadequate sleep and obesity, a critical next step is to identify the social, cultural and environmental determinants of sleep, which would help to identify vulnerable populations. Future human biology research should consider variation in sleep characteristics among different populations and determine whether the associations between sleep and obesity observed in Western populations persist elsewhere.
INTRODUCTION
The obesity epidemic is a global phenomenon that is affecting both adults and children. In 2005, more than 200 million men and nearly 300 million women were obese and this number is projected to increase to as many as 1.1 billion people by 2030 (Kelly et al 2008) . Understanding risk factors for obesity is a critical global health objective because obesity increases the risk of cardiovascular disease and diabetes, reduces life expectancy, impairs quality of life and is associated with an increased individual and societal economic burden (Ettaro et al 2004; Fontaine et al 2003; Franco et al 2007; Solomon and Manson 1997; Wolf and Colditz 1998) . Importantly, the prevalence of obesity is not distributed equally between different socioeconomic groups where those of lower socioeconomic status suffer a greater burden (Akil and Ahmad 2011; Devaux and Sassi 2011) . Thus, elucidating the underlying reasons for increased vulnerability to obesity experienced by certain populations, including lower socioeconomic groups, can help to reduce health disparities in obesity and related diseases, including diabetes and cardiovascular disease.
In simplistic terms, obesity develops when energy intake is greater than energy expenditure. Although diet and physical activity play an important role in the risk of weight gain and the obesity epidemic, a potential additional factor may be inadequate sleep. Inadequate sleep can refer to either shorter sleep durations or poor sleep quality with or without the presence of a sleep disorder. This paper will review the evidence for an association between inadequate sleep and increased risk of obesity and associated cardiometabolic diseases, including diabetes, hypertension and cardiovascular diseases. It is important to note that the majority of this research has been conducted in Western countries. Unfortunately, comparative research on sleep and its association with obesity is currently lacking, but because of the potential link between sleep and both obesity and cardiometabolic diseases, consideration of variation in sleep characteristics in human biology research would be worthwhile. In addition, a better understanding of the social, cultural and environmental determinants of sleep would help to identify vulnerable populations. As such, the end of this review discusses a few potential determinants of sleep, however, much more research on human variation in sleep and the consequences for cardiometabolic health is needed.
EXPERIMENTAL STUDIES OF SLEEP RESTRICTION Experimental sleep restriction, appetite regulation and risk of weight gain
Appetite regulation involves both peripheral signals from the body and control by specific brain regions, particularly regions of the hypothalamus that are involved in regulating food intake and energy homeostasis. Peripheral signals include leptin, which is secreted by adipose tissue and is a satiety signal, and ghrelin, which is a gut-derived signal that increases appetite . Thus, leptin and ghrelin have opposing effects on appetite and food intake. Insulin, which is secreted by the beta cells in the pancreas in response to a meal, is another important peripheral signal that inhibits appetite and reduces food intake Schwartz and Porte 2005) . Many of these hormones have been impacted by experimental sleep restriction.
Although several studies have examined the impact of a night of total sleep deprivation on physiology, the effects are usually temporary because total sleep deprivation cannot be maintained for very long. On the other hand, chronic partial sleep restriction is not only possible, it is quite common. In the United States, for example, the prevalence of short sleep (≤6 hours per night) is estimated to be 17-18% of adults (National Sleep Foundation 2010), which means that over 53 million people in the US are likely to be short sleepers. The first detailed laboratory study of the effects of partial sleep deprivation subjected healthy young men to 6 nights of 4 hours in bed followed by 7 nights of 12 hours in bed (Spiegel et al 1999) . Mean leptin levels were 19% lower during sleep restriction compared to sleep extension despite identical caloric intake and physical activity and no change in body weight (Spiegel et al 2004a) . The observed difference in leptin levels was similar to the difference observed in a study that restricted caloric intake to 70% of energy requirements for 3 days in young adults (Chin-Chance et al 2000; Spiegel et al 2005) . A second experimental study of sleep restriction compared the effects of 7 days with 4 hours in bed to a 3-day sleep recovery period in 8 healthy men aged 18-25 years, and found that leptin levels were approximately 33% lower after sleep restriction (Guilleminault et al 2003) . Another experimental study involved 2 days of 4 hours in bed and 2 days of 10 hours in bed and simultaneously measured leptin, ghrelin and subjective appetite (Spiegel et al 2004b) . Mean leptin levels were 18% lower, mean ghrelin levels were 28% higher and subjective appetite was 23% higher in the sleep restriction condition compared to sleep extension (Spiegel et al 2004b) . Although appetite for all the different food types increased, they did not increase equally. In fact, appetite for high calorie, carbohydrate-rich foods (including sweets, salty snacks, and starchy foods) increased more than for other food types (Spiegel et al 2004b) . In this study, the change in the ratio of ghrelin-to-leptin between the 2 conditions was strongly correlated to the change in hunger ratings (r= 0.87, p=.01) (Spiegel et al 2004b) , indicating that the changes observed in these appetite hormones was partially responsible for the increase in subjective appetite. The observed changes in appetite suggest that food intake would have increased if subjects had been allowed ad libitum food. More importantly, in addition to an increase in total caloric intake, the proportional intake of specific macronutrients, such as carbohydrates or fat, could have increased. Some have suggested that specific dietary components, especially refined sugar that leads to increased circulating insulin levels, increases risk of weight gain (Wells and Siervo 2011) . Not all studies have observed similar effects on leptin levels. One study of a single night of sleep restricted to 4.5 hours compared to one night of 7 hours observed no difference in leptin levels in 9 men aged 20-40 years (Schmid et al 2008) . Fifteen healthy women aged 18-25 years spent 10 hours in bed for 2 nights followed by a single night of 3 hours in bed and leptin levels actually increased modestly in the morning after sleep restriction although subjective appetite did not change (Omisade et al 2010) . These 2 studies suggest that there may be a minimum duration of exposure to sleep restriction before appetite is upregulated. Finally, a simulation of a work week and weekend consisted of 2 nights of 8 hours in bed, 5 nights of 4 hours in bed, and 2 nights of 8 hours in bed in 15 young, healthy men aged 19-29 years (van Leeuwen et al 2010) . They collected fasting blood samples and subjective hunger at 7:30 a.m. after the 5 nights of sleep restriction and after 2 nights of 8 hours in bed, but observed no difference in leptin levels or satiety ratings. It is not clear if the circadian rhythm of leptin or hunger is altered due to the delayed bedtimes (Morselli et al 2010) or if indeed there was no effect on appetite regulation in this study.
Weight gain, and ultimately obesity, requires an excess of food intake relative to energy expenditure, and a few experimental studies have examined the impact of sleep restriction on food intake rather than just hormonal levels or subjective appetite. In non-overweight men and women aged 30-45 years, 6 nights of 4 hours in bed was associated with a significant increase in caloric intake, particularly from fat, without a compensatory change in energy expenditure (St-Onge et al 2011) . Another experimental study that enrolled 11 healthy overweight (BMI ranged from 24 to 29 kg/m 2 ) men and women aged 34-49 years compared 14 days of 5.5-h to 14 days of 8.5-h bedtimes with ad libitum access to palatable food and found that the bedtime restriction was associated with an increased consumption of calories from snacks but no difference in caloric intake during meals (Nedeltcheva et al 2009a) . A third experimental study in women who ranged from lean to obese examined the effects of progressively increasing sleep restriction over 4 nights (7h, 6h, 6h, 4h per night) and found that caloric intake based on food dairies increased by approximately 20% after sleep restriction, despite the fact that the women slept at home and compliance to the prescribed bed times was only estimated using heart rate measures (Bosy-Westphal et al 2008) . In this study, leptin levels actually increased after sleep restriction, however, the participants also increased their caloric intake and gained weight, which could lead to higher leptin levels. Another experimental study in 12 healthy, lean men found that compared to 2 nights of 8 hours in bed, average energy intake was 22% higher after 2 nights of 4 hours in bed and that during the ad libitum dinner, fat consumption increased by 98% (Brondel et al 2010) . A study of men aged 20-40 years, however, observed no difference in total energy intake or subjective hunger and appetite between 2 nights of 4.25 hours in bed and 2 nights of 7.25 hours in bed (Schmid et al 2009) . The results of this study suggest that a minimum duration of sleep restriction is required to observe an effect on food intake. If the increase in food intake observed in these short term studies was maintained after chronic sleep restriction, the result would be weight gain.
The other side of the energy balance equation is energy expenditure. Only a few experimental studies, however, have examined the impact of sleep restriction on energy expenditure. The Schmid et al study mentioned above, which compared 2 nights of 4.25 hours in bed and 2 nights of 7.25 hours in bed in men, observed significantly decreased physical activity during the day and less time spent in intense physical activities after the first night of sleep restriction (Schmid et al 2009) . However, three of the experimental studies discussed above observed no change in estimated energy expenditure (BosyWestphal et al 2008; Brondel et al 2010; Nedeltcheva et al 2009b) . Results from so few studies are difficult to interpret, but if inadequate sleep does increase risk of weight gain it seems more likely it does so through an upregulation of appetite and a subsequent increase in energy intake rather than through a decrease in energy expenditure.
In summary, the majority of experimental studies that restricted the time available for sleep in healthy subjects observed significant changes in hormones involved in appetite regulation in a direction that would increase food intake. Indeed subjective hunger and appetite did increase in the one study that measured it. In studies that allowed ad libitum food intake, two saw an increase in food intake, either in total calories or in the form of snacking. Nonetheless, discrepancies between the findings of these studies need to be explained. In particular, to improve our understanding of the link between inadequate sleep and obesity risk, we need to determine the minimum duration of exposure to sleep restriction that is required to impact risk of weight gain, along with the degree of sleep restriction required (i.e. amount of sleep per day) and whether the association is modified by gender, age or BMI.
Experimental sleep restriction and cardiometabolic risk
Obesity is associated with increased risk of developing cardiometabolic diseases, such type 2 diabetes, hypertension and cardiovascular disease (CVD) (Haslam and James 2005) . Experimental studies of sleep restriction also provide evidence for a potential link between sleep loss and cardiometabolic diseases.
Diabetes develops due to impairments in glucose metabolism, which involves complex biochemical processes. In healthy individuals, glucose levels in the blood are carefully regulated by balancing glucose production (either from the liver or from meals) and glucose utilization by tissues. Insulin plays a key role in this process by inhibiting glucose production in the liver and by stimulating glucose uptake by insulin-sensitive tissues (i.e. muscle, liver and fat cells). Glucose tolerance refers to the ability of the body's tissues to absorb glucose from the blood and return blood glucose levels to baseline. High blood glucose can have a number of deleterious health consequences if it not well-controlled, including blood vessel damage, kidney disease, glaucoma and nerve damage. Insulin sensitivity and insulin resistance refer to the ability (or inability) of insulin to exert its effects on target tissues and is a strong predictor of risk of diabetes.
Several experimental studies of sleep restriction observed an effect on markers of glucose metabolism. The first laboratory study of partial sleep deprivation discussed above found that glucose tolerance was 40% lower after 6 nights of 4-hour bedtimes compared to after 7 nights of 12-hour bedtimes (Spiegel et al 1999) . Insulin sensitivity was also lower after sleep restriction but it was not statistically significant. The glucose tolerance values observed after sleep restriction in this study were similar to glucose tolerance values observed in older adults with impaired glucose tolerance (Garcia et al 1997) , while the values observed after sleep extension were, as expected, in the range typical of healthy young subjects (Prigeon et al 1995) . In a second experimental study, 20 healthy men aged 20-35 years spent 10 hours in bed for at least 8 nights followed by 5 hours in bed per night for 7 nights . Insulin sensitivity was reduced by 11-20% (depending on method used to estimate insulin sensitivity) and glucose tolerance was reduced by approximately 14% after sleep restriction . Among 9 healthy lean subjects, a single night of 4 hours in bed increased hepatic insulin resistance and decreased peripheral insulin sensitivity by 19-25% based on euglycemic clamp studies, which are the gold standard for estimating insulin sensitivity (Donga et al 2010) . Two weeks of 5.5 hours in bed was associated with a 10% reduction in glucose tolerance and an 18% reduction in insulin sensitivity compared to 2 weeks of 8.5 hours in bed, even though weight gain was comparable in both conditions (Nedeltcheva et al 2009a) . The study that simulated a work week and weekend in 15 young, healthy men found that the 5 days of sleep restriction was associated with an increase in morning fasting insulin levels with no change in glucose levels, which suggests reduced insulin sensitivity (van Leeuwen et al 2010) . Levels returned to baseline after 2 nights of 8 hours in bed, suggesting some recovery may be possible on weekends, at least in young, healthy men. An experimental study in women, however, which involved progressively increasing sleep restriction over 4 nights, observed no changes in glucose or insulin levels (Bosy-Westphal et al 2008) . Unfortunately, this study did not require participants to spend the night in the laboratory and they returned to the laboratory in the morning at varying times and the length of fasting could not be verified. Nonetheless, most of these studies suggest that a few days of bedtime restriction could increase the risk of developing impaired glucose tolerance or diabetes if these alterations in glucose metabolism persist with longer periods of sleep restriction.
A few laboratory studies of short-term sleep deprivation have also observed effects on blood pressure. Thirty-six men and women ranging in age from 34 to 68 years who were recently diagnosed with hypertension spent 2 separate nights in the laboratory, one had 8 hours in bed and the other only 4 hours in bed (Lusardi et al 1996) . Both systolic and diastolic blood pressure was elevated, particularly in the early evening and morning, during the 4-hour bedtime condition. A study of 18 male technical workers aged 23 to 48 years compared 24-hour blood pressure levels throughout a day with normal sleep (mean 8 hours) and a day with insufficient sleep (mean 3.6 hours) and found significantly higher systolic and diastolic blood pressure after one night of insufficient sleep (Tochikubo et al 1996) . Finally, in a small study of 8 healthy adults, mean blood pressure increased after one night of total sleep deprivation compared to after 2 nights of undisturbed sleep (Kato et al 2000) . Thus, chronically reduced sleep duration could have an adverse impact on blood pressure regulation and promote the development of hypertension (Schroeder et al 2003) .
In summary, experimental studies of sleep restriction have observed substantial and clinically significant changes in appetite regulation, hunger, food intake, glucose metabolism and blood pressure control. One important limitation of laboratory studies is that they are short-term, lasting a few weeks at most. This raises the question of whether these effects will persist outside the laboratory when sleep restriction is chronic.
OBSERVATIONAL STUDIES OF SLEEP
Epidemiologic studies provide important insight into the associations between sleep, obesity and cardiometabolic diseases outside of the laboratory. Below, observational studies that have examined the relationship between sleep duration or quality and the presence or development of obesity, diabetes, hypertension and CVD are reviewed.
Habitual Sleep and BMI/Obesity
Several observational studies have examined the association between sleep and obesity or BMI. At least 65 published articles have found a significant cross-sectional association between short sleep duration (generally <6 hours per night) and increased prevalence of obesity or higher BMI in both adults and children from various countries (see (Knutson and Van Cauter 2008; Marshall et al 2008; Patel and Hu 2008 ) for reviews). Some of these studies also observed higher mean BMI associated with longer sleep durations (generally >8 hours per night), suggesting a U-shaped association between self-reported sleep duration and BMI. Studies that examined subjective sleep quality have found worse sleep quality was also associated with higher BMI (Asplund and Aberg 2001; Jennings et al 2007) . Two recent meta-analyses analyzed data from some of these cross-sectional studies. Cappuccio et al (Cappuccio et al 2008) found that short sleep duration (<5 hours per night for adults, <10h per night for children) significantly predicted obesity in adults (pooled odds ratio [OR] was 1.55, 95% confidence interval [CI]: 1.43-1.68) and in children (pooled OR was 1.89, 95% CI: 1.46-2.43). A second meta-analysis examined short sleep and obesity in children only and the pooled OR was 1.58 (95% CI: 1.26-1.98), which means that children who were short sleepers had 58% greater odds of being obese . Thus, both metaanalyses confirmed that short sleep duration was associated with higher odds of being obese.
In summary, most studies have found a significant cross-sectional association between inadequate sleep and higher BMI or the presence of obesity. Of note, however, is that the association between sleep and BMI appears stronger at younger ages (Danielsen et al 2010) , which suggests that children and adolescents may be more vulnerable to the effects of inadequate sleep. An important limitation of cross-sectional studies is that causal direction cannot be inferred, and indeed the association between sleep and BMI could be bidirectional. This is important because if obese individuals are more likely to have inadequate sleep, then they will be more vulnerable to the cardiometabolic impairments caused by inadequate sleep. It is well-known that obesity is a strong risk factor for obstructive sleep apnea, a sleep disorder that is associated with increased risk of cardiometabolic diseases (see (Pamidi et al 2010) and (Pack and Gislason 2009) 
for reviews).
A few prospective studies have examined sleep and weight gain in both adults and children. Some found no statistically significant association between sleep duration and change in body size (Gangwisch et al 2005; Lauderdale et al 2009; Stranges et al 2008a) . Many studies, however, did report a significant association between shorter sleep and greater weight gain in adult men and/or women (Chaput et al 2008; Lopez-Garcia et al 2008; Patel et al 2006b; Watanabe et al 2010) . A recent study among 2 minority groups in the U.S., African-Americans and Hispanic adults, found that among those aged 18-39 years who reported sleeping ≤5 hours per night experienced a larger increase in BMI, visceral fat and subcutaneous fat over 5 years compared to those who reported sleeping 6-7 hours per night (Hairston et al 2010) . In this same study, no association between sleep and change in BMI or fat was observed for those aged 40 years or older (Hairston et al 2010) . Among children, a few studies observed increased risk of obesity or weight gain associated with shorter sleep durations (Reilly et al 2005; Snell et al 2007; Taveras et al 2008) . These prospective studies together suggest that sleep duration is associated with changes in body size, which could increase the risk of developing obesity and associated cardiometabolic disease. However, several of these studies suggest that there may be important age or gender differences in these associations, which require further examination.
Habitual sleep, appetite regulation and dietary behavior
A few observational studies have examined the relationship between habitual sleep characteristics and either hormonal levels and/or dietary behavior. For example, in crosssectional analysis of data from 740 men and women the Quebec Family Study, leptin levels in those sleeping 5-6 hours per night were approximately 15-17% lower than predicted based on body fat alone (Chaput et al 2007) . The Wisconsin Sleep Cohort Study, which enrolled state employees aged 30-60 years, found that total sleep time from one night of polysomnography was inversely associated with ghrelin levels (beta = −0.69, p=0.008) and average habitual sleep duration was positively associated with leptin levels independently of BMI (beta = 0.11, p=0.01) (Taheri et al 2004) . Although these two epidemiologic studies are consistent with the laboratory studies, two studies in women did not observe similar associations. Participants in the Nurse's Health Study returned a blood sample through the mail for assessment of leptin, and no association was found between self-reported sleep duration and leptin levels (Williams et al 2007) . A study among 173 obese, sedentary postmenopausal women aged 50-74 year also did not observe a significant cross-sectional association between self-reported sleep duration and leptin or total ghrelin levels (Littman et al 2006) . These discrepant results may be due to differences in the association between sleep and appetite regulation in women, particularly obese older women, or may be due to methodological issues such as self-reported sleep duration or sample collection.
A few studies examined the relationship between habitual sleep patterns and dietary intake. The Women's Health Initiative study in the U.S. examined the relationship between sleep and dietary intake based on food frequency questionnaires in 459 postmenopausal women aged 50-81 years (Grandner et al 2010a) . They found that average nocturnal sleep duration from one week of wrist actigraphy was negatively correlated with dietary fat intake and total calories even after adjusting for BMI and physical activity, which suggests that for a given level of BMI and physical activity, short sleepers have a greater food intake particularly in the form of fat, which would increase their risk of weight gain. A study in adolescents found no association between hunger ratings and average nocturnal sleep from 7-day sleep diaries, however, those who slept 3 hours or more during the daytime reported greater caloric intake and food cravings and this association did not appear to be confounded by nocturnal sleep duration (Landis et al 2009) . A Finnish study of 1,265 children aged 9-11 years reported that among both boys and girls, shorter sleep durations during school nights were associated with an increased consumption of high calorie foods (Westerlund et al 2009) . Given the paucity of data in this area, more research is required to determine whether habitual inadequate sleep is truly associated with greater appetite and greater food intake.
Habitual sleep and cardiometabolic disease risk
Several observational studies have examined habitual sleep duration and the prevalence or incidence of cardiometabolic diseases, including diabetes, hypertension and cardiovascular disease. Several have found cross-sectional associations between inadequate sleep and greater prevalence of diabetes or impaired glucose tolerance (see (Knutson and Van Cauter 2008) for a review). Among those who already have diabetes, sleep quality is generally worse based on both subjective and objective estimates (Trento et al 2008) . Furthermore, there is some evidence that among persons with diabetes, poorer glycemic control is associated with worse sleep quality and increased sleep disordered breathing Knutson et al 2006; Knutson et al 2011) . Indeed, obstructive sleep apnea seems to be highly prevalent among patients with type 2 diabetes, with estimates ranging from 58 to 86% (Pamidi et al 2010) . Although the results of these studies indicate that inadequate sleep is associated with diabetes, the direction of causality cannot be determined. Insufficient sleep may increase the risk of developing diabetes, as the laboratory studies suggest, or, conversely, having diabetes could impair sleep quality. Furthermore, the potential impact of inadequate sleep on glucose control among patients with diabetes is particularly important as understanding this association could help identify methods to improve disease management and reduce the risk of complications.
Prospective studies provide better evidence for causal link between inadequate sleep and the development of cardiometabolic diseases. Many studies reported increased odds of diabetes associated with short sleep duration (≤5h and/or ≤6h) and some observed a U-shaped association ( . Note that one study did not find a significant association between sleep and incident diabetes (Bjorkelund et al 2005) , while one study observed a significant association in men only (Mallon et al 2005) . A metaanalysis of 10 prospective studies examined the association between the incidence of diabetes and either short self-reported sleep duration, long self-reported sleep duration or subjective sleep disturbances (Cappuccio et al 2009) . The estimated pooled OR for short sleep was 1.28 (95% CI 1.03-1.6), however, there was a significant gender difference. The OR was 2.07 (95% CI 1.16-3.72) for men and 1.07 (95% CI 0.90-1.28) for women, indicating a stronger association among men. The pooled OR for long sleep was 1.48 (95% CI 1.13-1.96), indicating that overall there is a significant U-shaped association between self-reported sleep duration and incident diabetes. Finally, both difficulty initiating sleep (pooled OR 1.57, 95% CI 1.25-1.97) and difficulty maintaining sleep (pooled OR 1.84, 95% CI 1.39-2.43) significantly predicted incident diabetes. Overall, prospective epidemiologic studies suggest that subjective short or long sleep duration and poor sleep quality predict the development of diabetes.
In cross-sectional analyses, self-reported short sleep durations or subjectively poor sleep quality have been associated with higher average blood pressure or higher prevalence of hypertension (Cappuccio et al 2007; Choi et al 2008; Gottlieb et al 2006; Houyez et al 1990; Kawabe and Saito 2008; Kotani et al 2007; Stang et al 2008) . Some also observed higher blood pressure among long sleepers (Choi et al 2008; Gottlieb et al 2006) and two of these studies observed a significant association only in women (Cappuccio et al 2007; Stang et al 2008) . However, a few studies found no association between habitual sleep and blood pressure, including two among elderly adults (Lima-Costa et al 2008; van den Berg et al 2007) and one among children aged 3-10 years (Bayer et al 2009) , which suggests that associations between sleep and blood pressure may be modified by age. Two studies used wrist actigraphy, one of which found that low sleep quality, but not sleep duration, was significantly associated with prevalent prehypertension among adolescents (Javaheri et al 2008) . In a study among adults aged 35-50 years, shorter sleep duration and lower sleep quality based on wrist actigraphy were both associated with higher blood pressure . Thus, cross-sectional studies generally support a relationship between inadequate sleep and higher mean blood pressure, but the causal direction cannot be determined and the strength of these associations may be modified by gender or age.
Several prospective epidemiologic studies have examined cardiovascular outcomes in relation to habitual sleep. The National Health and Nutrition Examination Survey (NHANES) in the US reported that short sleepers (≤5 hours per night) had increased odds of incident hypertension over 8-10 years (OR 1.32, 95% CI 1.02-1.71) compared to those reporting sleeping 7-8 hours per night after adjusting for numerous potential confounders (Gangwisch et al 2006) . In the study of adults aged 35-50 years, sleep duration estimated by actigraphy was significantly associated with incident hypertension over 5 years (OR 0.72; 95% CI: 0.55, 0.95) and incident coronary artery calcification (OR = 0.67 per hour, p=.011; 95% CI 0.49-0.91), which is a predictor of the development of coronary heart disease (King et al 2008) . The Nurses' Health Study found a significantly increased risk of incident coronary heart disease over 10 years associated with short (≤5 hours per night) self-reported sleep duration (risk ratio 1.45; 95%CI: 1.1-1.92) and long (≥9 hours per night) self-reported sleep duration (risk ratio 1.38; 95%CI: 1.03-1.86) compared to those sleeping 8 hours per night (Ayas et al 2003b) . A few studies have examined cardiovascular disease mortality in relation to self-reported sleep duration, but none found a significant association in fully adjusted models (Chien et al 2010; Heslop et al 2002; Mallon et al 2002) . Poor subjective sleep quality was also associated with increased coronary artery disease mortality in men (RR: 3.1, 95%CI 1.5-6.3) (Mallon et al 2002) A study in the US of over 3400 men and women 35 years of age or older reported a significant increase of cardiovascular disease events in those who complained of insomnia every day compared to those without any insomnia complaint (RR: 1.78, 95%CI 1.03-3.08) (Chien et al 2010) . Overall, there is some evidence that inadequate sleep is associated with cardiovascular disease and hypertension, but more rigorous studies are required to fully understand whether inadequate sleep actually leads to cardiovascular disease.
LIMITATIONS
Although most of the observational studies described above reported consistent significant associations between inadequate sleep and cardiometabolic disease, there are important methodological limitations of these studies to consider. First, the majority relied on a selfreported measure of sleep duration, which may not be very accurate. Recent analysis comparing sleep durations estimated from wrist actigraphy to self-reported sleep duration in 600 middle-aged adults indicated only moderate agreement between these measures (r=0.47) . In addition, there may be important confounders that are not taken into account in these analyses, including race, socioeconomic status, physical activity, alcohol and caffeine consumption, and psychological disorders Magee et al 2008) . Finally, these studies have been predominantly conducted in Western countries (the U.S. and Europe), with the exception of Japan. Future studies need to examine the potential human variation in sleep and its association with cardiometabolic diseases by conducting research in other parts of the world. Research should incorporate objective measures of sleep, include detailed measures of potential confounding variables and consider interventional studies that can address causality.
POTENTIAL MECHANISMS
The mechanisms underlying the associations between inadequate sleep, obesity and associated cardiometabolic disease are still not fully understood. Nonetheless, laboratory studies have provided some suggestive evidence for mechanisms and Figure 1 outlines some of the potential pathways. Note that multiple pathways are likely involved in these associations and additional pathways may remain unidentified.
The left side of the figure presents three pathways that link inadequate sleep to risk of weight gain and ultimately obesity. Decreased energy expenditure could lead to weight gain, but very few studies have examined the association between sleep and energy expenditure and only one observed significantly reduced physical activity after sleep loss. The second pathway simply acknowledges that people awake for more of the day have more opportunity to eat. The third pathway involves alterations in levels of appetite-regulating hormones, such as leptin and ghrelin, which lead to increased appetite and subsequently increased food intake. If the increased food intake was not compensated for by increased physical activity, weight gain would result.
The final three pathways link inadequate sleep to the cardiometabolic diseases, which are also associated with obesity. Inadequate sleep may lead to decreased brain glucose utilization, which would promote reduced glucose tolerance. Studies of total sleep deprivation that used positron emission tomography (PET) did in fact observe decreased brain glucose utilization after sleep deprivation (Thomas et al 2000) . The second pathway involves alterations in two hormones related to glucose metabolism, specifically growth hormone (GH) and cortisol. A laboratory study of sleep restriction observed both an extended duration of elevated nighttime GH concentrations (Spiegel et al 2000) and an increase in evening cortisol levels (Spiegel et al 1999) . Increased levels of GH can induce transient insulin resistance in muscle cells, resulting in decreased glucose uptake, elevated blood glucose levels and subsequent increases in insulin resistance in other tissues. Elevated evening cortisol concentrations can lead to reduced insulin sensitivity the following morning, an alteration that can further impair glucose tolerance following sleep restriction (Van Cauter et al 1997) . However, not all experimental studies of sleep restriction have observed changes in cortisol and/or GH levels (Donga et al 2010; Nedeltcheva et al 2009a) , thus further research is required to test whether this is a valid pathway linking inadequate sleep to diabetes risk. The final pathway indicates that inadequate sleep is associated with increased sympathetic nervous activity, which has been observed in laboratory studies of sleep restriction (Spiegel et al 2004a; Spiegel et al 1999) . Increased sympathetic nervous activity at the level of the pancreas could result in a reduction of insulin secretion from pancreatic beta-cells, but this has not yet been directly assessed in any sleep restriction study. Deleterious alterations in glucose metabolism, can lead to the development of insulin resistance, a risk factor for the development of type 2 diabetes. Finally, increased sympathetic nervous activity could lead to increased blood pressure and predispose individuals to the development of hypertension and cardiovascular disease if these alterations remained chronic.
As described above, many observational studies reported a significant association between long self-reported sleep duration and obesity, diabetes or hypertension. However, to date, no biological mechanisms have been identified to explain this association. Thus far, the studies that observed a U-shaped association included self-reported sleep duration. Therefore, it is not clear if long sleepers are actually obtaining more physiologic sleep or if they are just spending more time in bed. One study that recruited individuals who self-reported sleep duration was ≥9 hours per night supports the latter explanation because they found that these "long sleepers" only obtained an average of 7-7.5 hours of sleep per night based on actigraphy (Zielinski et al 2008) . Potential confounders of the association between long selfreported sleep and morbidity or mortality risk, include sleep disorders (insomnia or obstructive sleep apnea), depression and lower socioeconomic status (Patel et al 2006a) . Furthermore, the possible link between increased time in bed and decreased physical activity or increased isolation, particularly among elderly individuals, needs to be examined. Given the large number of studies that have found an association between long sleep duration and morbidity or mortality risk, it is important that more research into possible mechanisms or explanations be conducted.
IMPACT OF BIOLOGY, CULTURE AND ENVIRONMENT ON SLEEP
As reviewed above, there is substantial evidence suggesting that inadequate sleep may increase the risk of obesity and, importantly, the cardiometabolic diseases associated with obesity, including diabetes and hypertension. As such, a critical next step is to understand better who is at risk of inadequate sleep, thereby increasing their vulnerability to obesity and associated diseases. One approach is to consider the biological, cultural and environmental factors that may have an impact on sleep duration or quality. Figure 2 posits a few characteristics within each of these domains that may be important. Identification of these characteristics, and their interaction with each other, can provide important insight into the risk of inadequate sleep.
Several biological factors have been associated with sleep, particularly age and gender. For example, many studies in the United States have reported a decline in sleep duration and quality with advancing age (Hornung et al 2005; Unruh et al 2008; Van Cauter et al 2000) . A meta-analysis of 65 studies with over 3,500 subjects aged 5 to 102 years found that total sleep time, and several measures of sleep quality significantly decreased with age (Ohayon et al 2004) . However, some have argued that the decline in sleep with aging is not inevitable, but is only observed among those with declining health (Vitiello 2009; Vitiello et al 2002) . More work is necessary to determine which aspects of sleep decline with increasing age independently of co-morbidities, as well as whether sleep disturbances can exacerbate existing health problems in older adults. In addition, age-related changes in health measures, including hearing loss and blood pressure, are not necessarily universal (Dickson 1968; Stevenson 1999) , and therefore sleep may not demonstrate the same associations with age outside the Western world.
Gender differences in sleep duration and quality have also been reported. Based on estimates from wrist actigraphy, habitual sleep duration is longer and sleep quality is higher on average in women than in men (Jean-Louis et al 2000; Lauderdale et al 2006) . Contrary to the objective findings, however, subjective reports of sleep quality tend to be lower in women than men (van den Berg et al 2009) and prevalence of insomnia is higher in women (Ohayon 2002) . This contradiction has not been fully explained and may be related to cultural factors associated with gender roles and expectations, including willingness to admit to sleep problems, or to increased anxiety and depression among women (Voderholzer et al 2003) . Furthermore, among women, the menstrual cycle and menopause have been associated with changes in sleep quality. Subjective sleep complaints increase during the few days preceding and during menses, although sleep stages remain stable (Baker and Driver 2007) , which raises the question of why many women subjectively feel they sleep worse during menses despite no change in objective measures. Possible explanations include interactions between specific hormonal changes, symptoms of the menstrual cycle, such as pain, and feelings of fatigue. Several studies have also reported an increase in sleep disturbances, particularly subjective complaints, during the menopausal transition (see Minarik 2009 for a review). The increased sleep disturbances during menopause may be due to vasomotor symptoms, including hot flashes, or it may simply be due to confounding by age or co-morbidities and not menopause per se (Minarik 2009 ). The potential gender differences in sleep duration or quality and their underlying causes, whether due to biological differences such as hormones or to sociocultural factors related to gender roles and expectations, require further examination to elucidate potential gender differences in disease risk.
Other biological factors that impact sleep include certain hormones. A common example is melatonin, which is secreted by the pineal gland only during darkness at the subjective night (i.e. when the brain thinks it is night) (Dubocovich 2007) . Melatonin therefore serves as a signal to the brain that it is nighttime and promotes appropriate nocturnal activities, which in humans is sleep. As such, many have proposed that the secretion of melatonin may help to promote sleep onset (Dubocovich 2007; Shochat et al 1998) . A lack of melatonin, such as experienced with jet lag, could therefore impair one's ability to fall asleep. Hormones involved in the hypothalamo-pituitary-adrenocortical (HPA) axis are also implicated in sleep regulation. In particular, cortisol levels exhibit a complex relationship between sleep stage transitions across the night (Steiger 2007) . In pathological conditions associated with high cortisol levels, such as Cushing's disease, sleep disturbances have been reported (Steiger 2007) , suggesting that excessive cortisol can impair sleep quality. There are several other hormones that appear to affect sleep architecture, but a comprehensive list is beyond the scope of this article (for a review see Van Cauter 1995 or Steiger 2007 . The endocrinology of sleep is a complex phenomenon because some hormones can impact sleep quality, while other hormones are affected by sleep quality. In some cases, such as with cortisol, the association is bidirectional indicating a possible reinforcing cycle between impaired sleep and altered hormonal profiles.
Environmental factors that can impair sleep include extended periods of light, such as those experienced in northern regions during the summer months, or elevated light levels in one's bedroom due to street lamps, internal lighting or daytime sleep. One mechanism through which exposure to light at night can impair sleep is inhibition of melatonin, as described above (Shochat et al 1998) . In addition, sleep could be disturbed when the ambient temperature is too hot, too humid or too cold (Krauchi et al 2008; Okamoto-Mizuno et al 1999) . Two common characteristics of large urban areas that can impair sleep include noise, which can cause arousals, and poor air quality, which could lead to breathing difficulties. Finally, aspects that can vary by neighborhood, such as crime levels, could impair sleep if it leads to increased anxiety and stress levels. Currently, insufficient research has been conducted to determine the characteristics of the neighborhood and environment that impair sleep, but such research is important particularly as it may partly explain disparities in sleep between different populations.
Cultural factors that influence sleep patterns have not yet been extensively examined and this is an important area for future human biology research. Worthman and Melby (Worthman and Melby 2002) proposed incorporating an ecological approach to examining sleep and through a review of the modest amount of available ethnographic data they convincingly argued that several factors that could impact sleep do indeed vary between cultures. In Westernized countries, the most typical ideal bedroom includes a comfortable mattress with soft pillows and bedding on which one or two individuals sleep, but this is not the norm in many other societies. Worthman and Melby (2002) provided many examples of determinants of sleep that varied between societies, including bedding type and sleeping location, number of individuals sharing a sleeping space, proximity of animals (pets, livestock or wild), presence and proximity of fire throughout the night, and nighttime rituals among others. Furthermore, developmental aspects of how, when, and where people of varying ages sleep may have important implications for sleep across the lifespan. Sleep practices common in modern, industrialized, Western populations are also probably recent developments in terms of human history, and therefore any consideration of the evolution and adaptive function of sleep should acknowledge this. Another cultural factor that could impact how and when someone sleeps includes the inherent value ascribed to sleep for health, well-being or self-worth. For example, if sleep is considered to be a lazy unproductive practice, societies that place a premium on increased work hours and economic productivity may devalue sleep. Also, sociocultural discourse about what constitutes "normal" sleep may lead to unrealistic expectations, including the idea that a healthy sleeper is unconscious for 8 continuous hours. The discrepancy between the expectation and the experience of sleep could cause anxiety that could impair sleep and increase subjective sleep complaints. Finally, sociocultural factors that increase psychosocial stress, such as discrimination or work demands, could lead to impaired sleep due to activation of the HPA axis. Several studies have reported that inadequate sleep is more common among those with lower socioeconomic status (Friedman et al 2005; Gellis et al 2005; Geroldi et al 1996; Grandner et al 2010b; Hall et al 1999; Hall et al 2009; Hunt et al 1985; Nomura et al 2010; Patel et al 2010; Stamatakis et al 2007; Stranges et al 2008b) , as well as among racial minorities, particularly African Americans (Hale and Do 2007; Hall et al 2009; Lauderdale et al 2006; Mezick et al 2008; Patel et al 2010; Profant et al 2002; Stamatakis et al 2007; Stepnowsky et al 2003) . The underlying reasons for these sleep disparities could involve increased psychosocial stress and decreased opportunity for sleep. There are almost certainly additional salient social or cultural factors that influence sleep and they need to be identified.
These three domains of influence do not operate independently. In fact, it is at the intersection of these factors that the most substantial effects on sleep may occur. As in the example above where the cultural expectations about normal sleep and the actual experience of sleep conflict, ensuing anxiety would interact with biological factors, particularly activation of the stress response and the HPA axis, to impair sleep. Sociocultural gender roles may interact with the endocrinology of the reproductive cycle and age to influence subjective estimates of sleep quality. Food availability, which is partly determined by the environment, and food preference, which is influenced by culture, could also mediate the association between sleep and obesity risk because an increase in appetite may not necessarily lead to increased intake of obesity-promoting foods such as those laden with refined sugars. In addition, several potential effect modifiers of determinants of sleep have been discussed, including differences by age, gender and health status. The influences and interactions of biology, culture and environment may hold a wealth of novel information about risk factors for insufficient or impaired sleep, and consequently for obesity, but this area is currently understudied. This deficiency in research needs to be rectified, in part because it will help us to understand human variation in sleep as well as variation in associated conditions, including obesity, diabetes and cardiovascular diseases.
SUMMARY
The accumulated evidence from experimental and observational studies suggests that inadequate sleep may play a role in the risk of obesity as well as vulnerability to associated cardiometabolic diseases, such as diabetes and cardiovascular disease. Potential pathways through which inadequate sleep could lead to the development of these conditions include impairments in appetite regulation, glucose metabolism and sympatho-vagal balance. However, more research is required to better understand how sleep impacts cardiometabolic risk and, importantly, whether strategies to improve sleep will alleviate risk. In addition, the social, cultural, biological and environmental determinants of inadequate sleep need to be identified as they inform our understanding and identification of at-risk groups. Obesity, diabetes and cardiovascular disease have enormous negative impacts on quality of life, life expectancy and financial burden and a better understanding of the factors that increase vulnerability to these conditions could help improve the lives of millions of people around the world. Factors associated with biology, culture and environment that can impact and interact with sleep to increase vulnerability to obesity and its health consequences.
